In this paper, charged asymptotically flat black hole solutions are numerically constructed in the Einstein-Maxwell-Weyl gravity. These solutions can be interpreted as generalizations of two different groups of non-charged asymptotically flat spacetimes: Schwarzschild black hole (SBH) and non-Schwarzschild black hole (NSBH) solutions. In addition, we discuss the thermodynamic properties of two groups of numerical solutions in detail, and show that they obey the first law of thermodynamics.
I. INTRODUCTION
It is well known that the Einstein general relativity leaves some open fundamental questions, including the problems of singularity, non-renormalizability, the dark matter and dark energy. In string theory, general relativity can be viewed as an effective low-energy field theory and just the first term in an infinite series of gravitational corrections built from powers of the curvature tensor and its derivatives [1] . One of the most popular approaches to answer these questions is adding higher derivatives terms to the Einstein-Hilbert action [2] . In four-dimensional spacetime, the most general theory up to the second order in the curvature takes the following form [3] [4] [5] 
without any matter field. Here α, β and γ are constants, and C µνρσ is the Weyl tensor.
Black hole physics is believed to provide an important window to the quantum nature of gravity.
Recently, Lü et.al [3, 4] have derived a numerical non-Schwarzschild solution in the pure EinsteinWeyl gravity, due to the disappearance of Ricci scalar for any static spherically symmetric black hole solution (R = 0). They also discussed some thermodynamic properties of non-Schwarzschild black hole, and found that this new black hole solution has some remarkable properties: 1) it admits positive and negative values of black hole mass; 2) when the coupling constant α approaches its extremal value, the black hole approaches the massless state, having a nonzero radius at the same time [6] . By using a general and quickly convergent parametrization in terms of the continued fractions, Kokkotas et.al [7] further constructed this numerical solution in the analytical form, which is accurate not only near the event horizon or far from black hole, but in the whole space.
Very recently, the non-Schwarzschild solutions have been also derived by adopting a new form of the metric [8] . In addition, quasinormal modes of this new black hole under test scalar field perturbation have been also discussed in order to characterize its properties in the case of pure Einstein-Weyl gravity [9, 10] .
Inspired by above issues, it is interesting to discuss the charged black hole solutions in the Einstein-Weyl theory with electromagnetic field. It's worth pointing out that Reissner-Nordström black hole solution is not the solution in the Einstein-Maxwell-Weyl gravity. Actually, two groups of new charged black hole solutions were constructed in Ref. [11] , according to the non-charged 'seed' solution. The solutions of Group I could be viewed as a charged generalization of the higher derivative curvature for Schwarzschild black hole (SBH), the solutions of Group II viewed as a higher derivative curvature electrically charged generalization of non-Schwarzschild solution (NSBH). However, all metric functions in the Group II appear a peak outside the event horizon, which denotes the presence of a negative effective mass [11] . In this paper, we reconsider the charged black hole solutions in the Einstein-Maxwell-Weyl gravity. Furthermore, we also discuss the thermodynamic properties of these black holes. In order to obtain the charge and mass of the black hole, we adopt a new metric ansatz to derive these black holes of two groups, instead of that in Refs. [3, 4, 11] .
This paper is organized as follows. In Sec. II, we numerically derive new charged asymptotically flat black hole solutions with new ansatz. Then, some related thermodynamic properties of these new charged black holes are explored in Sec. III. Finally, we end the paper with conclusions and discussions in Sec. IV.
The Einstein-Hilbert action is generalized to include the square of the Ricci scalar R, Weylsquared term and electromagnetic field, which can be written as [11] 
where F µν = ∇ µ A ν − ∇ ν A µ is the electromagnetic tensor. Actually, the static and sphericallysymmetric black hole solutions are independent of βR 2 because of the additional terms, including the Maxwell energy-momentum tensor are traceless in the action. Therefore, we set the parameter β = 0 in the action. Then, the equations of motion are given by [11] 
where the trace-free Bach tensor B µν and energy-momentum tensor of electromagnetic field T µν are defined as
In order to construct charged black hole solution, we consider a static and spherically symmetric ansatz as follows [3, 4] 
where the metric functions h(r) and f (r) take the following forms as h(r) = f (r)e −2δ(r) and
r . Substituting the ansatz (5) into the field equations (3), one get
where the prime ( ) denotes differentiation with respect to r, and parameter Q denotes the electric charge.
Influenced by the functional form of the electric charge in the metric, the charged black holes have more than one horizon in general. For example, the Reissner-Nordström black hole has one event horizon and one Cauchy horizon. However, we suppose that the spacetime has only one horizon to make it easier for the expansion of m(r) and δ(r) around the event horizon r 0 .
Substituting these expansions into (3), the coefficients δ i , A ti (for i = 1) and m i (for i = 2) can be solved in terms of the three non-trivial free parameters r 0 , m 1 and δ 0 . For example, m 2 , A t1 and δ 1 can be obtained as
It's worth pointing out that the coefficients of expansion near horizon for the new ansatz function m(r) and δ(r), and the old metric ansatz h(r) and f (r) in Ref. [3, 4] can be related by
At the other asymptotic regime, that of radial infinity (r → 1), the metric functions and the Maxwell field may be expanded in power series, this time in terms of 1/r. The metric components reduce to
where the parameter M and Q are associated with the mass and charge of black hole, and Φ is the electric potential.
Firstly, we reconstruct uncharged non-Schwarzschild black hole solution (Q = 0) with our new metric ansatz (5) in the Einstein-Weyl gravity. Here we also take α = 1 2 and κ = 1 as shown in the pervious papers [3, 4] .
The signal for a good black hole solution is that the functions f (r) and h(r) should approach very close to 1 as r increases. Comparing with the bound (0.876 < r 0 < 1.143) for horizon radius r 0 in Refs. [3, 4] , we numerically derive an extended bound for r 0 : 0.363 < r 0 < 1.143. Here Now, we numerically construct the charged black hole solutions. In order to comparing our results with the uncharged case, it is convenient to make a same choice for α = 1 2 . As pointed in Ref. [11] , the charged black hole solutions can be separated in two groups, according to the noncharged 'seed' solution. The Group I: could be viewed as a charged generalization of the higher derivative curvature for Schwarzschild black hole. The Group II: could be viewed as a higher derivative curvature electrically charged generalization of non-Schwarzschild solution.
In Fig.(2) , we plot the black hole solutions of Group I for some values r 0 , Q 0 , m 1 and δ 0 .
It's worth noticing that the new charged metric functions in the Group II always appear a peak outside the event horizon that denotes the presence of a negative effective mass [ Fig.3 in Ref. [11] ].
However, we find that the charged solutions of Group II display different behaviors within the extended bound of 0.363 < r 0 < 1.143, see Fig.3 . In fact, these charged solutions is quite similar than the Schwarzschild metric one, and possesses positive mass. 
III. THERMODYNAMIC PROPERTIES OF BLACK HOLES
With the numerical charged black hole solutions, it's interesting to study the thermodynamic properties of these solutions of Groups I and II, and to compare these with the properties of the (non-)Schwarzschild black holes.
In order to do this, we need to collect the numerical results for a sequence of charged blackhole solutions with different values of Q. black hole solutions in the Fig. 4 . Take the Group I as an example in the Fig. 4(a) , along the solid line for Schwarzschild black holes, the new charged black holes bifurcation from the left-hand part of joint point are constructed with the same r 0 as that at bifurcation point. We find that the mass of the new charged black holes become larger, while the temperature decreases as the increase of charge Q, and vanishes at Q ≈ 1.28 for r 0 = 1.3 and Q ≈ 1.86 for r 0 = 2. Here the arrow indicates the increase of charge Q. For the new charged black holes bifurcation from the right-hand part of joint point, the temperature increases and mass decreases when the charge Q becomes larger. In particular, there also exist a bound 0 < Q ≤ 1.035 for the charged black hole with r 0 = 0.5, see Fig. 5(a) . Interestingly, if Q is increased beyond Q c = 1.035, one can still obtain a charged black hole solution for an appropriate choice of m 1 , but now the mass is actually negative.
The similar phenomena occurs for the Group II. We can also construct charged black holes starting from a sequence of non-Schwarzschild black holes with horizon radius in the region of 0.363 < r 0 < 1.143. see Fig. 4 Due to the higher-derivative theory, the entropy cannot be simply given by one quarter of the area of the event horizon, which equals to S = πr 2 0 + 8παm 1 . Figs. 6(a) and 7(b) show that the entropy is always larger for the uncharged(Schwarzschild and non-Schwarzschild) black holes at a given mass M . For the Groups I and II, these charged black holes starting from right-hand of solid lines for the uncharged solutions demonstrate different behaviors from that of the left-hand of solid lines, as increase of charge Q. In particular, the entropy of charged black hole in the Group II is always when taking larger horizon radius, see Fig.7(b) . Utilizing the numerical values for thermodynamic quantities M , S, Q, T and Φ, we can verify the first law of thermodynamics for these charged black holes, in the form It is important to explore the free energy F = M − T S as a function of temperature. According to the left-hand side of joint point (T ≈ 0.091) in Fig.8(b) , it can be seen that free energies of the charged black holes of Group II are always larger than that of non-Schwarzschild black hole, but smaller than that of Schwarzschild black hole at a given temperature T . Nevertheless, the charged black holes located on the right-hand side of joint point (T ≈ 0.091) always possess larger values for fixed T . The charged black holes in Group I display more complicated properties in Fig.8(a) . 
IV. CONCLUSIONS AND DISCUSSIONS
In this paper, we obtained numerically charged asymptotically flat black hole solutions in Einstein-Maxwell-Weyl gravity. These solutions were separated in two groups according to their seed solutions: Schwarzschild and non-Schwarzschild. Since the Schwarzschild and the nonSchwarzschild black holes 'coalesce' as r 0 = r min 0 ≈ 0.876, we constructed the charged numerical black hole solutions from both sides of this joint point. For each value of r 0 , there is a corresponding value m1 = m1 * that yields the charged black hole solution as the increase of charge Q without a singularity at spatial infinity. Later, the thermodynamic proprieties of these charged black holes were discussed in detail, and show that they obey the first law of thermodynamics.
Notice that the quasinormal modes of non-Schwarzschild solutions have been investigated in Refs. [9, 10] , which shows that the non-Schwarzschild black hole is stable. Therefore it is necessary to investigate the quasinormal modes and stability of the charged black hole solutions in the Einstein-Maxwell-Weyl theory. Another interesting possibility is (Anti-) de Sitter charged black hole solutions in Einstein-Maxwell-Weyl gravity. They have shown in the Einstein-Hilbert theory of gravity with additional quadratic curvature terms [16] . Beside the analytic Schwarzschild (Anti-)
de Sitter solutions, two groups of non-Schwarzschild (Anti-) de Sitter solutions were also obtained numerically. Their thermodynamic properties of the two groups of numerical solutions deserve a new work in future.
